Enzyme activities of glycolysis and glyconeogenesis are present in spores of Bacillus subtilis, the rate-limiting step of glucose (GLC) metabolism being its phosphorylation. GLC allows initiation of germination in the presence of fructose (FRU) and asparagine (ASN), not because it is used via the EmbdenMeyerhof path, but because it is oxidized in the nonphosphorylated form via the spore-specific GLC dehydrogenase. Spores of mutants lacking GLC-phosphoenolpyruvate transferase, FRU-6-P-kinase, or phosphoglucoisomerase activity can still be initiated by the above substrate comjination. Furthermore, GLC can be replaced by 2-deoxy-GLC, which is also oxidized by GLC-dehydrogenase, but not by a-or ,B-methylglucoside, which are not substrates of this enzyme. GLC probably acts by reducing nicotinamide adenine dinucleotide (or nicotinamide adenine dinucleotide phosphate), which is used for some metabolic reaction other than the cytochrome-linked electron transport system, since inhibitors of this system do not inhibit initiation. Spores of a mutant lacking FRU-1-P-kinase activity can no longer be initiated by GLC+FRU+ASN, but they do respond to the combination of GLC+mannose+ASN. Since spores of a FRU-6-P-kinase (or phosphoglucoisomerase) mutant can still respond to either FRU or mannose, FRU-6-P (or some derivative) apparently is needed for initiation (in addition to reduced nicotinamide adenine dinucleotide and an amino donor). Alanine can initiate germination in spores of all of the above mutants, indicating that it can form all required compounds. However, in a mutant lacking P-glycerate kinase activity, alanine initiates only after a long lag and at a slow rate, indicating that some compound in the upper metabolic subdivision is required for initiation, in agreement with the above findings. All initiating agents of B. subtilis probably produce the same required compound(s) by different metabolic routes.
Germination of Bacillus subtilis spores can be initiated by L-alanine (ALA) or L-a-aminobutyrate and less effectively by certain other amino acids (8, 15, 17) . The initiation can also be effected by the combination of L-asparagine (ASN), D-fructose (FRU), D-glucose (GLC), and potassium ions, GLC plus K+ alone being partially effective in certain mutants (15, 16) . In spores of another strain of B. subtilis, ALA or the combination of L-leucine and GLC permits germination (8) . It is apparent that the germination response to different compounds depends on the strain and the sporulation medium, some initiation compounds (e.g., ALA) being more generally effective than others.
Previous results from this laboratory have shown that ALA permits spore initiation by 32 entering at least two biochemical paths. One branch can be inhibited by D-alanine or high temperature (49 C) and is missing in a particular mutant (15) ; compounds produced in this path can also be provided by the combination of FRU, GLC, and K+. In the other branch, ALA can be replaced by ASN or (L-glutamine), either of which alone is unable to initiate germination. It appeared likely from these findings that all enzymes of the glycolytic or gluconeogenic path between FRU and pyruvate had to be present in normal spores, but it remained unclear why both FRU and GLC, together with ASN, were needed for initiation.
The initiation of spores and the relevant enzyme activities were therefore measured for different mutants deficient in glycolytic enzymes. The results show that FRU-6-P, re-PRASAD, DIESTERHAFT, AND FREESE duced nicotinamide adenine dinucleotide (NADH) [reduced nicotinamide adenine dinucleotide phosphate (NADPH)], and an amino acid (presumably as amino donor) are required for the initiation of germination.
MATERIALS AND METHODS Bacteria. From our standard strain of B. subtilis (60015), which requires both L-methionine and Ltryptophan for growth, mutants were derived, purified, and combined by transformation, as described elsewhere (7) . Strain 61411, requiring L-tryptophan and uracil, and lacking fructose-1-P-kinase (FPK) activity was kindly provided by Philippe Gay (his number PG524).
Growth, sporulation, and germination. Cells were grown in phosphate-buffered nutrient sporulation medium (NSMP), washed, and suspended in extraction buffer; lysozyme extracts were prepared as described (6) . Extraction buffer contained 50 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 7.5), 10 mM MgCl2, 0.1 mM ethylenediaminetetraacetic acid, 10 mM ,B-mercaptoethanol, 10 mM KCl, and 100 Ag of chloramphenicol per ml.
Spores were obtained from large plates containing NSMP agar, harvested, purified, heat activated, and initiated as described previously (16) . The spore preparations contained at least 98% refractile spores.
The initiating agents were used in 100 mM Trishydrochloride buffer (pH 7.4) at the following concentrations: KCl, 10 mg/ml; ALA, 0.356 mg/ml; ASN, 0.3 mg/ml; and all other compounds, 1 mg/ml.
The initiation of germination was followed by the decrease of the absorbance at 625 nm (A*,, = A).
The value A/AO (AO = A.2, at zero time) was plotted.
Preparation of spore extracts. Spores were broken in the extraction buffer containing 5 Enzyme assays. L-Amino acid dehydrogenases were assayed by following the reduction of nicotinamide adenine dinucleotide (NAD) at 340 nm and using hydrazine to trap the ketoacid formed during the reaction. The assay mixtures contained Na2CO3 buffer, pH 9.5 (100 mM), hydrazine (100 mM), Lamino acid (5 mM), NAD (1 mM), and extract.
Sugar-PEP-transferases were assayed as described earlier for glucose (6) . Pyruvate carboxylase was assayed by the method of Sundaram et al. (13) . Malate dehydrogenase was assayed as reported by Yoshida (18) .
PEP-carboxykinase was assayed by measuring the incorporation of radioactivity from 32P--y-adenosine triphosphate into PEP. This improved method for the assay of this enzyme was developed by M.
Diesterhaft. The reaction mixture (100 Mliters) contained (umoles): glycine-KOH buffer (pH 7.5), 20; 32P-y-adenosine triphosphate, 1; MnCl2, 1; NaF, 1; and oxaloacetate, 1. The reaction mixture was incubated for 8 min at 30 C. The reaction was stopped by the addition of 0.1 ml of 6% HC104. The mixture was cooled and centrifuged, and 0.1 ml of 0.1 M HgCl2 was added to the supernatant fluid. After 15 min of incubation at room temperature, 25 mg of Norit A (Pfanstiehl Laboratories, Inc., Waukegan, Ill.) was added to remove the remaining adenosine triphosphate, and the radioactivity in the supernatant fluid was counted.
The assay mixture for pyruvate kinase contained 50 mM Na-N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid (TES), pH 7.0, 0.3 mm NADH, 5 to 10 intemational units of lactic dehydrogenase (Type VI, Sigma Chemical Co., St. Louis, Mo.) per ml, 4 mM PEP, 250 mM KCl, 10 mM MgCl2, 5mM adenosine diphosphate, and 5 to 25 gliters of crude extract in a final volume of 1 ml. Controls contained all additions except PEP. Assays were initiated by the addition of crude extract. NADH oxidase activity in the control was always <10% of the velocity determined for pyruvate kinase activity.
All other enzymes were assayed as described by Bergmeyer (2), except that NADP was substituted for NAD in glucose dehydrogenase assays. (Fig. 3) . This result rules out the involvement of GLC-6-P dehydrogenase in initiation, since 2-deoxy-glucose-6-P did not react with GLC-6-P dehydrogenase, which had a high activity in spore extracts (Table 3) Involvement of fructose or mannose. Spores of a mutant lacking FRU-1-P kinase (FPK) activity could no longer be initiated by FRU+GLC+ASN, but they responded well to the combination of mannose+GLC+ASN (Fig.  2) . This shows that FRU must be phosphorylated and converted at least up to FRU-1, 6- diphosphate. Figure 2 also shows that a mutant lacking FRU-6-P kinase activity could be initiated by the combination of GLC+ASN+ either FRU or mannose. Since this mutant could not grow on mannose (or glucose) as sole carbon source, mannose could not give rise to FRU-1, 6-diphosphate. But the mutant could still grow on FRU (or glycerol or malate), which shows that FRU-1, 6-diphosphate could still be converted to FRU-6-P. We therefore conclude that the compound, made from both mannose or fructose and needed for initiation, is FRU-6-P. FRU-6-P might be converted to a glucosamine (or a pentose derivative, unlikely in the PFK mutant) to support initiation. Multiple functions of L-alanine. ALA alone initiated the germination of all the above mutants at the same rate as that of the standard strain. Apparently, ALA could supply all compounds mentioned above, i.e., reduce NAD, provide FRU-6-P, and satisfy the role of ASN. NADH could be produced by ALA-dehydrogenase, which was available in all mutants, or by other dehydrogenases. Pyruvate could also be made by ALA-a-ketoglutarate transaminase, which was found in spores; it could then be metabolized all the way back to b Spores were germinated in 4 mM L-alanine for 45 min at 37 C.
RESULTS

Enzyme activities in vegetative cells
c In this assay a-methyl glucoside-6-P was generated by coupling a-methyl glucoside with adenosine triphosphate and yeast hexokinase.
FRU-6-P. The necessary enzymes are present (Table 1) . Only FRU-diphosphatase activity could not be demonstrated in extracts of vegetative cells or spores. Furthermore, vegetative cells could grow (slowly, probably because of slow uptake) on pyruvate as sole carbon source. The importance of this "fructoneogenic" path for initiation was shown in a mutant (61111) lacking phosphoglycerate kinase (PGK) activity. ALA initiated these spores only after a long lag and at a slow rate, and the final A,25 indicated that only a fraction of the spores could be initiated at all (Fig. 4) . These spores may contain, in the upper metabolic subdivision above PGK, small amounts of compounds which can slowly be made available for initiation. ASN+FRU+GLC initiated at a higher rate and more completely (lower final A625), indicating that this combination was able to supply all necessary components for initiation. The initiation of the mutant spores by this combination still occurred at a much lower rate than that observed for other strains, and the addition of ALA accelerated it only slightly. Apparently these mutant spores (which were difficult to obtain) were partially defective.
DISCUSSION
It is apparent that at least three metabolic intermediates are needed to initiate spore germination of our strains of B. subtilis. Reducing power has to be generated. This is achieved in the presence of D-glucose or 2-deoxy-D-glucose (or probably D-allose) by glucose dehydrogenase. This enzyme is not produced by vegetative cells but increases in sporulating cells about 1 hr before the appearance of refractile spores (14) . Glucose dehydro- genase has been found in spores of several bacilli (1, 9, 10, 12) . The enzyme of B. cereus T has been highly purified and found to be stabilized against heat inactivation by sodium or potassium (12) . NADH can also be generated by ALA (10) , using another strain of B. subtilis, had to preincubate their spores in the presence of leucine for 1 hr at 45 C before initiation could be accomplished by the further addition of GLC. Leucine may be able to enter the spores only slowly, or the spore enzyme with which it reacts may be either inaccessible or attain a reactive configuration only slowly and at an elevated temperature; moreover, since most spores contain glucose dehydrogenase which can react with the added GLC, it is not clear whether leucine is needed for the generation of NADH or is rather used to produce other metabolites in analogy to ASN+FRU.
Fructose-6-P has to be produced. This compound can be derived from FRU or mannose, or apparently from ALA because the fructoneogenic enzymes are present in spores (all except FRU-diphosphatase have been measured). In our spores, it cannot be produced from GLC, apparently because they do not have a sufficiently active GLC-PEP-transferase activity. In B. subtilis this enzyme activity is inducible by GLC, and it is produced in nutrient sporulation medium only at a small specific activity which decreases during spore development (6) .
The production of FRU-6-P from FRU or mannose also requires phosphorylation of the free sugars; it probably is again rate limiting. It may be for this reason that FRU+ASN alone are not sufficient to initiate, although the enzymes are present in spores of the standard strain that can convert FRU-6-P into 6-phosphogluconate, generating NADPH, or that can metabolize FRU-6-P along the Embden-Meyerhof path. The amount of reducing power generated by the small amount of phosphorylated and metabolized FRU may be negligible compared to the amount generated by GLC dehydrogenase which can react with GLC directly.
Some spores can be initiated by glucose or 2-deoxyglucose alone (3, 11) . In this case, we anticipate that glucose may be used as a source of reducing power and we would assume that the required fructose-6-P and amino donor have been stored in the spores.
Some amino-group donor apparently is required. In addition to FRU+GLC, our spores require ASN (or glutamine) for initiation. This function can also be supplied by ALA (or aaminobutyrate) which is clearly needed not only for the first two functions, as has been shown by a mutant that cannot be initiated by ALA. This mutant responds to FRU+GLC plus either ASN or ALA (15) .
The initiation occurs at a higher rate (more spores respond rapidly) when the spores are preincubated with ASN+FRU before GLC is added. Preincubation with only one compound does not have this effect. This could imply that both ASN and FRU can enter the spores only slowly, but it appears more likely that ASN reacts with the formed FRU-6-P and thus produces a compound in whose presence spores can better respond to the NADH (N-ADPH) produced after GLC addition.
